Human Rap1-interacting protein 1 (RIF1) contributes to the ataxia telangiectasia, mutated-mediated DNA damage response against the dexterous effect of DNA lesions and plays a critical role in the S-phase checkpoint. However, the molecular mechanisms by which human RIF1 conquers DNA aberrations remain largely unknown. We here showed that inhibition of RIF1 expression by small interfering RNA led to defective homologous recombinationmediated DNA double-strand break repair and sensitized cancer cells to camptothecin or staurosporine treatment. RIF1 underwent caspase-dependent cleavage upon apoptosis. We further found that RIF1 was highly expressed in human breast tumors, and its expression status was positively correlated with differentiation degrees of invasive ductal carcinoma of the breast. Our results suggest that RIF1 encodes an anti-apoptotic factor required for DNA repair and is a potential target for cancer treatment.
Introduction
Rap1-interacting protein 1(Rif1p) in the budding yeast interacts in vivo with the major duplex telomeric DNA-binding protein Rap1p and negatively regulates telomere length (1) . However, human RIF1 is localized on abnormal telomeres, but not on normal telomeres, forms nuclear foci after DNA damage dependent on both ataxia telangiectasia, mutated (ATM) and 53BP1 and functions in the S-phase checkpoint (2, 3) . RIF1 is phosphorylated in response to DNA damage, probably by ATM/ATR, and during mitosis (4) (5) (6) . In this report, we sought to determine if RIF1 is involved in DNA repair and apoptosis and to examine RIF1 expression status in human breast cancer samples.
Materials and methods
Cell lines, plasmids and antibodies Human cervical cancer cell line HeLa and human breast cancer cell line MCF-7 were obtained from the American Type Culture Collection (Rockville, MD). These cell lines were cultured in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT) with 10% fetal bovine serum (Hyclone). DRGFP U2OS cells with one copy of the DRGFP gene stably integrated into its genome and the I-SceI expression construct were gifts from Maria Jasin (Memorial Sloan Kettering Cancer Center). All cell lines were grown at 37°C in the presence of 5% CO 2 . Enhanced green fluorescent protein (EGFP)-RIF1 expression construct was kindly provided by Elizabeth H.Blackburn (University of California, San Francisco).
Mouse monoclonal antibody against b-actin (clone AC15) was purchased from Sigma (St Louis, MO). Antibodies against RIF1 (BL2000-2003) were from the Bethyl Laboratories (Montgomery, TX). Rabbit anti-PARP1 antibody (9542) that recognizes both the full-length protein and the large cleaved fragment was purchased from the Cell Signaling Technology (Danvers, MA). Peroxidase-conjugated secondary antibodies were from JacksonImmuno Research (West Grove, PA).
Western blot analysis and immunoprecipitation
Cell lysates were prepared in 0.5% NP-40 lysis buffer [50 mmol/l Tris (pH 8.0), 250 mmol/l NaCl, 5 mmol/l ethylenediaminetetraacetic acid, 0.5% NP-40] containing protease inhibitor cocktail (Roche, Indianapolis, IN). The protein concentration was determined using DC assay kit (Bio-Rad, Hercules, CA). Equal amounts of proteins were resolved on 4-18% sodium dodecyl sulfatepolyacrylamide gel electrophoresis gels, transferred to nitrocellulose membranes (Bio-Rad) overnight, and the membranes were probed with antibodies as indicated in each experiment. For immunoprecipitation assays, cell lysates were incubated with appropriate antibodies (normal rabbit immunoglobulin G (IgG) as control) at 4°C for at least 4 h. The immunocomplexes were pulled down with protein A-sepharose (Amersham, Piscataway, NJ). The immunoprecipitates were washed three times in 0.5% NP-40 lysis buffer, resuspended in sample loading buffer, resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and analyzed with antibodies as indicated in each blot.
HR-or NHEJ-mediated DSB repair assay
Homologous recombination (HR)-mediated double-strand break (DSB) assay was performed essentially as described before (7, 8) . Chromatin immunoprecipitation (ChIP) assay was performed as described before (9) . ChIP polymerase chain reaction (PCR) primers are HRChIP.S: 5#-TCTTCTT-CAAGGACGACGGCAACT-3# and HRChIP.R: 5#-TTGTAGTTGTACTC-CAGCTTGTGC-3#, annealing temperature was 55°C, the size of PCR products was 145 bp. The non-homologous end-joining (NHEJ) analysis was based on PCR and Southern blotting as described previously (10) with modifications. PCR primers for the NHEJ assay were NHEJ.S: 5#-AGGGCGGGGT-TCGGCTTCTGG-3# and NHEJ.R: 5#-CCTTCGGGCATGGCGGACTTGA-3#, annealing at 68°C. The 723 bp PCR products of mock or I-SceI-transfected cells were purified and digested with I-SceI, followed by BcgI enzymes. After Southern blotting, blots were probed with a digoxigenin-labeled DNA fragment corresponding to the internal green fluorescent protein fragment according to commercial procedure of DIG DNA Labeling Kit (Roche) and developed with chemiluminescent CSPD substrate. The total NHEJ efficiency was quantified by the density of DNA bands resistant to I-SceI and BcgI cleavage using the Quantity One software (Bio-Rad).
Cell proliferation assay
Cell proliferation assays for MCF-7 cells were performed using the CellTiter 96Ò AQueous One Solution Cell Proliferation Assay system (Promega, Madison, WI) essentially according the manufacturer's instructions. Briefly, HeLa or MCF-7 cells were transfected twice with a control small interfering RNA (siRNA) oligo (CONTROLsi), RIF1-specific siRNA oligo (3), XLF-specific siRNA oligo (11) or PP4C-specific siRNA oligo (PP4CsiM) (12) using oligofectamine (Invitrogen, Carlsbad, CA). The siRNA oligo sequences were as follows: CONTROLsi, CGUACGCGGAAUACUUCGAdTdT and RIF1-2si, AAUGAGACUUACGUGUUAAAAdTdT;
RIF1-6si, AAGAGCAUCU-CAGGGUUUGCUdTdT; XLFsi, GCAUUACAGUGCCAAGTGAdTdT. PP4Csi is a mixture of four predesigned OnTarget plus siRNA oligonucleotide duplexes: GCACUGAGAUCUUUGACUA, GACAAUCGACCGAAAGCAA, GCACUUAAGGUUCGCUAUC and GGAGCCGGCUACCUAUUUG. All siRNA oligo duplexes were purchased from Dharmacon (Lafayette, CO). Transfectants were trypsinized 24 h after the second transfection and were plated, at least in quadruplicate, into 96-well plates at 8000 per well in 100 ll Dulbecco's modified Eagle's medium containing camptothecin (CPT) at the indicated concentrations with 10% fetal bovine serum. Following a 24 h incubation, 20 ll of One Solution Reagent, which contains a novel tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), inner salt] and an electron-coupling reagent (phenazine ethosulfate), were added to each well. After 1-2 h of further Abbreviations: ATM, ataxia telangiectasia, mutated; ChIP, chromatin immunoprecipitation; CPT, camptothecin; DSB, double-strand break; GFP, green fluorescent protein; HR, homologous recombination; IDC, invasive ductal carcinoma; IgG, immunoglobulin G; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; NHEJ, nonhomologous end joining; PCR, polymerase chain reaction; RIF1, Rap1-interacting protein 1; siRNA, small interfering RNA; STS, staurosporine. y These authors contributed equally to this work.
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Tissue specimens
Human breast tumor sections were obtained from the Department of Pathology at the City of Hope National Medical Center with institutional review board approval. It was not known if these patients had received any treatment before tissue collection. All specimens had been fixed in 10% formalin-buffered solution and then embedded in paraffin. The Summary of specimen information is shown in Table I .
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissues were deparaffinized in xylene and rehydrated in a graded alcohol series followed by blocking in 1:20 normal horse serum. The primary rabbit anti-human polyclonal RIF1 (BL2001) antibodies (1 lg/ll, Bethyl Laboratories, Montgomery, TX) were used irretriev-ably in a 1:1000 dilution in a humid container overnight and washed three times (5 min each) with phosphate buffered saline tween-20. The slides were then incubated with biotinylated anti-rabbit IgG antibody (Vector Laboratories, Burlingame, CA) at a dilution of 1:200 followed by three washes (5 min each) of phosphate buffered saline tween-20. Then, after 45 min incubation with AB Complex (Vector Elite Kit, 1:200 dilution) and three washes, diaminobenzidene (0.05 g diaminobenzidene and 100 ll 30% H 2 O 2 in 100 ml phosphate-buffered saline) and 1% copper sulfate were applied for 5 and 10 min, respectively. Each slide was counterstained with Mayer's hematoxylin. For all immunohistochemistry studies, normal rabbit IgG was used as a negative control. The evaluation of staining intensity was performed by two independent pathologists.
Evaluation of immunostaining
The positive signal was detected in the nucleus and cytoplasm. The immunoreactivity of the cells was assessed for both the nuclear staining intensity and the percentage of tumor or normal cells stained. No positive signal (À) was observed or ,10% cells were stained weakly; (þ) .10% cells were stained weakly; (þþ) .10% cells were stained moderately and (þþþ) .10% cells were stained strongly.
Statistical analysis
Statistical significance was examined by non-parametric Mann-Whitney test or Pearson's Chi-square test when two different groups were compared. P values ,0.05 (two tailed) were considered significant in all analyses. Correlation between RIF1 expression status and tumor differentiation degrees was examined by Spearman's rank correlation coefficient.
Results and discussion
To reveal functions of human RIF1, we generated four peptide polyclonal antibodies against human RIF1 in collaboration with Bethyl Laboratories (BL2000-2003). We identified both BL2001 and BL2003 suitable for immunoblotting and immunoprecipitation (data not shown). HeLa or MCF-7 cells transfected with two independent siRNA duplexes targeting sequences specific to RIF1 (2) were assayed for RIF1 by immunoblotting 2 days later. Individually each siRNA had a significant knockdown effect on RIF1 levels, whereas RIF1-6si had a better knockdown effect than RIF1-2si ( Figure 1A ). Human RIF1 in apoptosis and DNA repair Indirect immunofluorescence using the BL2001 antibody showed that RIF1 was exclusively localized in the nucleus and formed discrete nuclear foci 1 h after treatment with the topoisomerase inhibitor CPT, which colocalized with the DSB marker c-H2AX ( Figure 1B and data not shown). All these data demonstrate that the RIF1 antibodies we developed are able to specifically recognize and bind to RIF1. To directly confirm that RIF1 is recruited to the DSB sites after DNA damage, we examined if RIF1 localized at the unique DSB generated by the I-SceI endonuclease in vivo (13) . The genome of DRGFP U2OS cells has stably integrated one copy of the DRGFP gene. The DRGFP construct carries a tandem repeat of the GFP gene, in which one copy is inactivated by the I-SceI sequence and the other by truncations at the N-and C-termini. Expression of the I-SceI endonuclease leads to a single DSB in each cell. As shown in Figure  1C , 6.15 ± 1.07% of DRGFP U2OS cells transfected with the I-SceI expression construct (384-438 cells per experiment were randomly examined in three independent experiments) showed discrete RIF1 foci, which were colocalized with c-H2AX; whereas only 1.42 ± 0.55% of DRGFP U2OS cells transfected with the control vector (340-434 cells per experiment were randomly examined in three independent experiments) showed discrete RIF1 foci. They also colocalized at unique DSBs in HeLa cells transiently transfected with the DRGFP construct and the I-SceI construct (data not shown). ChIP analysis of RIF1 in DRGFP U2OS cells showed that RIF1 bound to the region adjacent to the I-SceI cutting sequence only upon induction of the unique DSB site by the I-SceI endonuclease ( Figure 1D ). These results support that RIF1 is indeed recruited to the DSB sites in responses to DNA damage.
Recruitment of RIF1 to the DSB sites indicates that RIF1 may be involved in DNA damage checkpoint signaling and/or DNA repair. It has been demonstrated that RIF1 is required for the IR-induced S-phase checkpoint in an ATM/53BP1-dependent manner (2) . However, it is not clear if RIF1 is involved in DNA repair. We first investigated how RIF1 knockdown affects c-H2AX levels. MCF-7 cells transfected with control or RIF1 siRNAs were treated with CPT for 1 h and then washed free of the drug, c-H2AX levels were analyzed thereafter by immunoblotting (Figure 2A ). In the absence of RIF1 siRNA, c-H2AX was not detected in cells untreated with CPT, began to be detected immediately after adding CPT, peaked at the time of CPT removal and returned to background levels by 5 h. However, in the presence of RIF1 siRNA, c-H2AX levels were sustained at significantly higher levels and were only slightly decreased 7 h after CPT removal. Persistence of high c-H2AX levels in RIF1 knockdown cells indicates that RIF1 is required for efficient DNA repair.
CPT induces DNA breaks by blocking DNA replication. DSBs are repaired by HR or NHEJ. DSBs generated during DNA replication are mainly repaired by the HR pathway (14) . To directly test whether RIF1-knockdown cells displayed defects in DSB repair, we carried results in a defective HR-mediated DSB repair. RIF1-, PP4C-or mock-depleted DRGFP U2OS cells were transfected with I-SceI. PP4C-depleted cells were a positive control. Two days later, cells were collected and analyzed for GFP expression by fluorescence activated cell sorting. All data are the average of three independent experiments, bars are standard deviation, and P , 0.05 is considered statistically significant when GFP-positive cells among the RIF1-or PP4Cdepleted cells were compared with those among the CONTROLsi-transfected cells. (C) RIF1 is not essential for NHEJ-mediated DSB repair. RIF1-, XLF-or mock-depleted DRGFP U2OS cells were transfected with I-SceI. XLF-depleted cells were a positive control. PCR products (725 bp flanking the I-SceI cutting site) using genomic DNA samples prepared from these transfectants were digested with I-SceI and BcgI, separated by gel electrophoresis and detected by Southern blotting using digoxigenin-labeled probe. The undigested PCR product (top band) reflects DNA repaired by NHEJ, the bottom band results from digestion with BcgI or I-SceI and reflects unrepaired DNA as well as DNA repaired by HR or single-strand annealing (SSA). Band intensities were quantified using Quantity One software (Bio-Rad). The ratio of top to bottom band represents the frequency of repair by NHEJ, data are presented as mean ± SD, and P , 0.05 is considered statistically significant when relative NHEJ in the RIF1-or XLF-depleted cells was compared with that in the CONTROLsi-transfected cells. out assays for HR-or NHEJ-mediated repair using the DRGFP/I-SceI system (8, 13) . DRGFP U2OS cells have one single copy of the DRGFP gene stably integrated into its genome. These cells transiently transfected with the I-SceI expression construct were used for this assay. A functional green fluorescent protein (GFP) gene including the endogenous BcgI site can be reconstituted if the DSB is repaired by HR using another partial GFP gene as a template and can be detected by fluorescence activated cell sorting. Thus, the number of GFP-positive cells is a measure of HR-mediated DSB repair. NHEJ results in the imprecise fusion of the broken ends, causing a loss of the I-SceI site but no restoration of GFP or the BcgI site. Repair by NHEJ can be estimated by PCR amplification of the GFP gene and subsequent restriction digest with BcgI and I-SceI. The fraction of PCR products that are insensitive to either I-SceI or BcgI digestion reflects the NHEJ frequency (8) . It has been demonstrated that PP4C and XLF are required for HR-or NHEJ-mediated DSB repair, respectively (7, 11) . We recapitulated these DNA repair defects in PP4C-or XLF-depleted DRGFP cells ( Figure 2B and C) . Furthermore, there was significant reduction in HR efficiency in cells with RIF1 siRNA compared with the control (Figure 2B) , whereas the NHEJ-mediated repair efficiency was similar between the RIF1-depleted cells and the mock-depleted cells ( Figure 2C ). This result suggests that RIF1 deficiency mainly impacts HR repair pathway but not the NHEJ repair pathway. How RIF1 is involved in this process warrants further exploration.
To investigate the biological significance of defective HR repair in RIF1-knockdown cells, we examined their sensitivity to CPT. MCF-7 or HeLa cells were transfected with a control siRNA oligo or a RIF1specific siRNA oligo. When transfected cells were treated with various concentrations of CPT, RIF1-depleted cells became more sensitive to CPT treatment for 48 h ( Figure 3A and data not shown). We also examined whether ecotopic expression of RIF1 would increase resistance of cancer cells to CPT treatment. Indeed, when treated with higher concentration of CPT, HeLa cells harboring the GFP-RIF1 expression construct enhanced cell proliferation that was not observed with the GFP control vector ( Figure 3B ). Furthermore, endogenous levels of the large fragment (89 kDa) of human PARP1 [poly (adenosine diphosphate-ribose) polymerase family, member 1] produced by caspase cleavage increased more significantly in RIF1depleted HeLa cells than those in mock-depleted HeLa cells upon CPT treatment ( Figure 3C ). Cleavage of PARP1 serves as a marker of cells undergoing apoptosis (15) . These results indicate that RIF1 is probably involved in the CPT-induced apoptotic process.
We then sought to determine if RIF1 is a substrate of caspases during CPT-induced apoptosis. When HeLa cells were treated with CPT (10 lM) for 12 h, the levels of full-length RIF1 polypeptide decreased and concomitantly a faster migration form of RIF1 ($160 kDa) was detected using the RIF1 antibody (BL2001) whose epitope was mapped to a region between residues 1-50 of human RIF1 (NP_060621.3) ( Figure 3D ). Cotreatment with the pan caspase inhibitor Z-VAD-FMK blocked the production of the faster migration form of RIF1 ( Figure 3D ). This indicates that RIF1 undergoes caspase-dependent cleavage during CPT-induced apoptosis.
We further examined if RIF1 was involved in the general apoptotic process. Staurosporine (STS), a general protein kinase inhibitor, has been characterized as a strong inducer of apoptosis in many different cell types. It is generally believed that caspase activation is required for staurosporine-induced apoptosis (16) . We found that RIF1-depleted HeLa cells were more sensitive to staurosporine-induced apoptosis than that in mock-depleted cells ( Figure 4A ), whereas HeLa cells transiently transfected with the GFP-RIF1 expression construct were less sensitive to staurosporine-induced apoptosis than that in HeLa cells transfected with the GFP control vector ( Figure 4B ). We also observed that staurosporine treatment (0.5 lM) for 4 h in HeLa cells induced production of the cleaved form of RIF1 and this cleavage was blocked by cotreatment with the pan caspase inhibitor Z-VAD-FMK ( Figure 4C ). This suggests that RIF1 undergoes caspase-dependent cleavage during CPT-or staurosporine-induced apoptosis. Proteolysis of RIF1 by caspases may facilitate the progression of apoptosis.
Recently, it was found that high expression of genes involved in DNA repair pathways is a signature for metastasis in melanoma patients (17, 18) . We found that the protein phosphatase PP4, which is required for efficient DSB repair through the HR pathway (7) , is overexpressed in human breast and lung tumors (12) . We therefore sought to determine the expression status of RIF1 in human breast tumors. To this end, we tested whether our antibodies (normal rabbit IgG and blocking peptides were used as controls) were suitable for imunohistochemistry staining. We found that the BL2001 antibody specifically stained on formalin-fixed and paraffin-embedded tissues (data not shown). Sections of breast tissues (175 cancerous lesions and 25 benign lesions) were stained with this antibody. Immunoreactive signals were evenly distributed mainly in the nucleus ( Figure  5) . A summary of the immunohistochemistry results and statistical analysis is shown in Table I . The non-parametric Mann-Whitney test demonstrated that expression levels of RFI-1 were significantly higher in cancerous lesions than those in benign lesions (Table I) . Human RIF1 in apoptosis and DNA repair Pearson's Chi-square test for RIF immunostaining scores (Negative and þ versus þþ and þþþ) in invasive ductal carcinoma (IDC)-I and invasive lobular carcinoma versus IDC-II and IDC-III yields an asymptotic significance (two-sided) of 0.000. We further found a significant correlation (Spearman's rank correlation coefficient r 2 5 0.426 with an asymptotic standard error of 0.071 and P 5 0.000) between the RIF1 staining intensity and differentiation status of the invasive ductal carcinoma of the breast. Our finding indicates a potential link between RIF1 expression levels and breast tumorigenesis.
In this report, we have demonstrated that RIF1 is recruited to the DSB sites and is required for efficient DNA repair by HR in addition to its role in the S-phase checkpoint. Human RIF1 encodes an antiapoptotic factor involved in both staurosporine-induced apoptosis and DNA-damaging agent-induced apoptosis. RIF1 is highly expressed in breast tumors and its expression levels correlate with differentiation status of IDC of the breast.
High expression of DNA repair factors potentially enhances DNA repair capacity. In return, enhanced DNA repair capacity may support tumor cells to replicate in a fast and error-careless mode. At the same time, high expression of anti-apoptotic factors confers resistance to therapeutic agents (radiation and chemotherapy drugs) dependent on DNA damage-induced apoptosis. Our results indicate that RIF1 is an anti-apoptotic factor involved in DNA repair. Thus, RIF1 could be a promising diagnostic marker for IDC and a potential druggable target for cancer treatment. HeLa cells were transfected with RIF1-2si, RIF1-6si or CONTROLsi. Transfectants were treated with staurosporine (0.5 lM) for 2-8 h. Each time point was repeated at least four times. Relative survival was determined using the MTS-based method. P , 0.05 is considered statistically significant when relative survival in the RIF1-depleted cells was compared with that in the CONTROLsi-transfected cells. (B) Transient expression of RIF1 decreases staurosporine-induced apoptosis. HeLa cells were transfected with a GFP-RIF1 expression construct or a GFP vector. Two days later, cells were treated with staurosporine (0.5 lM) for 2-8 h. Each concentration point was repeated at least four times. Relative survival was determined using the MTS-based method. Ã Indicates P , 0.05 when relative survival in the cells transfected with a RIF1 expression construct was compared with that in the vector-transfected cells. (C) RIF1 undergoes caspase-dependent cleavage during staurosporine-induced apoptosis. HeLa cells were treated with dimethyl sulfoxide or staurosporine (0.5 lM) or cotreated with staurosporine (0.5 lM) and Z-VAD-FMK (20 lM) for 4 h. Equal amount of total cell extract was immunoblotted with the RIF1 antibody (BL2001). Fig. 5 . RIF1 is highly expressed in human breast tumors. Formalin-fixed, paraffin-embedded human breast tumor sections were immunostained with rabbit antihuman polyclonal RIF1 (BL2001) antibodies (1 lg/ll) at a 1:1000 dilution. Normal rabbit IgG was used as a negative control. The evaluation of staining intensity was performed by two independent pathologists. Representative immunohistochemical stainings in IDC and benign lesions are shown. BEN, benign lesion; Original magnification: Â20.
